Ventral and dorsal streams are visual pathways deputed to transmit information from the photoreceptors of the retina to the lateral geniculate nucleus and then to the primary visual cortex (V1). Several studies investigated whether one pathway is more vulnerable than the other during development, and whether these streams develop at different rates. The results are still discordant. The aim of the present study was to understand the functionality of the dorsal and the ventral streams in two populations affected by different genetic disorders, Noonan syndrome (NS) and 22q11.2 deletion syndrome (22q11.2DS), and explore the possible genotype-phenotype relationships. 'Form coherence' abilities for the ventral stream and 'motion coherence' abilities for the dorsal stream were evaluated in 19 participants with NS and 20 participants with 22q11.2DS. Collected data were compared with 55 age-matched controls. Participants with NS and 22q11.2DS did not differ in the form coherence task, and their performance was significantly lower than that of controls. However, in the motion coherence task, the group with NS and controls did not differ, and both obtained significantly higher scores than the group with 22q11.2DS. Our findings indicate that deficits in the dorsal stream are related to the specific genotype, and that in our syndromic groups the ventral stream is more vulnerable than the dorsal stream.
In the human visual system, information is transmitted from the photoreceptors of the retina to the lateral geniculate nucleus and then to the primary visual cortex (V1) via distinct sub-pathways: the magnocellular (M) and the parvocellular (P) streams (Casagrande et al. 2007; Merigan & Maunsell 1993) . These pathways segregate within the lateral geniculate nucleus, which is composed of six layers: the bottom two consisting of large cell bodies known as M (or magno) cells, and the upper four consisting of smaller cell bodies known as P (or parvo) cells (Kaplan 2004; Maunsell et al. 1999) . The M cells have larger receptive fields, higher temporal resolution, lower spatial resolution and faster conduction speed compared with P cells, and provide the predominant input to the dorsal stream leading to the dorsolateral occipital cortex and regions of the posterior parietal lobe. This pathway responds to rapidly changing stimuli and seems to be specialized in motion processing (Livingstone & Hubel 1987) . On the other hand, P cells provide the predominant input to the ventral visual stream leading to the infero-temporal areas of the temporal lobe (Goodale & Westwood 2004 ). This pathway is specific for encoding information about shape and color and is involved in form perception (Beason-Held et al. 1998) . Previous studies have led to the definition of an influent model of substantial segregation between visual pathways for object recognition and position processing for action (Milner & Goodale 1995; Mishkin et al. 1983) . It is now clear, however, that the idea that motion processing is exclusively due to the dorsal stream and that form processing depends only on the ventral stream represents a too simplistic view (Merigan & Maunsell 1993; Ross et al. 2000) . Functional imaging studies have nonetheless supported a robust separation by showing that global coherence of form and motion activates largely non-overlapping systems in the posterior cortex . Measures of global form and motion processing have therefore been taken as indicators of the function within extrastriate visual areas in the two streams.
Several studies have investigated whether one pathway is more vulnerable than the other during development, and whether ventral and dorsal streams develop at different rates.
A body of evidence indicates that a variety of developmental disorders show a specific deficit in motion processing, a function attributed to the dorsal visual pathway, suggesting that the dorsal stream, developing later than the ventral stream, may be particularly vulnerable during development. Indeed, abnormalities in the dorsal stream are characteristic of developmental disorders such as Williams and fragile X syndromes, but are also observed in autism or as a consequence of perinatal events (hemiplegia, perinatal brain anomalies following very premature birth), leading to the proposal of a general dorsal-stream vulnerability in many different conditions of abnormal human development (Atkinson et al. 1997; Braddick et al. 2003; Hansen et al. 2001; Spencer et al. 2000) . Even the visual deficits (e.g. problems with motion perception, visual-spatial attention, depth perception, visual-motor control and development of graphomotor skills) that are prevalent in preterm children may be suggestive of damage or dysfunction in the dorsal stream (Downie et al. 2003; Jakobson et al. 2001 Jakobson et al. , 2006 . Indeed, the works of Atkinson and co-workers in preterm children Birtles et al. 2007) documented that the development of dorsal stream functions may be more severely compromised than that of ventral stream functions. Those studies confirmed that children born prematurely with very low birthweight exhibit marked deficits in their ability to detect coherent global motion, a skill thought to depend on the functional integrity of the middle temporal visual area (MT) (Newsome & Paré 1988; Schenk & Zihl 1997) , a key area in the dorsal stream (Schenk et al. 2000 (Schenk et al. , 2005 ).
Atkinson's findings led to the supposition that visual-spatial dorsal functions are specifically vulnerable and more prone to lacking compensation .
Nevertheless, dorsal vulnerability has not been confirmed in other studies; some authors described how sensitivity to the entirety of the form develops later than that for coherent motion (Parrish et al. 2005; Simic & Rovet 2016) . The picture emerging from earlier studies of children with Noonan syndrome (NS), a single gene disorder affecting development, was different from that observed in other developmental disorders, and was consistent with a deficit of the ventral pathway (Alfieri et al. 2011) , and with findings already observed in patients with developmental dyspraxia (O'Brien et al. 2002) .
The dissociation between dorsal and ventral abilities has yet to be fully elucidated and data suggesting that one system may be more vulnerable than another have not been completely verified in developmental disorders and genetic syndromes.
The NS is an autosomal dominant multisystem disorder with an estimated prevalence of 1 in 1000-2500 caused by mutations in genes encoding proteins with role in the RAS-MAPK pathway (Tartaglia & Gelb 2010) . It is characterized by dysmorphic facial features, cardiac defects, developmental delay, multiple skeletal anomalies, proportionate short stature, hematological abnormalities, cryptorchidism, ophthalmological impairments and variable cognitive deficit and learning difficulties (Noonan 1994) . While only a few studies investigated visual-spatial and visual-perceptual abilities in NS, we previously highlighted the occurrence of a ventral deficit and defective visual abilities in patients affected by this disorder (Alfieri et al. 2008 (Alfieri et al. , 2011 . The 22q11.2 deletion syndrome (22q11.2DS) is a genetic disorder caused by microdeletions on chromosome 22q11.2, with population prevalence of about 1:4000 births (Kobrynski & Sullivan 2007; Wilson et al. 1993) . The 22q11.2DS has an extremely expansive phenotypic spectrum and multisystem manifestations. Previous reports documented deficits in visual-spatial and visual-motor abilities in patients with 22q11.2DS with no particular differences in dorsal and ventral stream tasks, even though controversy on this topic persists (Bearden et al. 2001; Goldberg et al. 1993; Howley et al. 2012; Lajiness-O'Neill et al. 2005; Swillen et al. 1999; Vicari et al. 2012) .
The aim of the present study was to compare the functionality of the dorsal and ventral streams in two populations affected by NS and 22q11.2DS, generally presenting visual-perceptual deficits (Alfieri et al. 2008 (Alfieri et al. , 2011 Vicari et al. 2012 ) in order to better understand which of the two streams (dorsal or ventral) is more vulnerable to neurodevelopmental abnormalities. Moreover, based on our previous studies in children with NS (Alfieri et al. 2008 (Alfieri et al. , 2011 and with 22q11.2DS (Vicari et al. 2012) , we were interested to investigate the relationship between genotype and phenotype.
Materials and methods

Participants
Visual-spatial abilities were evaluated in 19 participants with NS and 20 participants with 22q11.2DS recruited from the Department of Neuroscience, Neuropsychiatric Unit of the Bambino Gesù Children's Hospital (Rome, Italy) and Department of Pediatrics of the Catholic University (Rome, Italy), and compared with 55 chronological age-matched controls (F 2,91 = 2.06, P = 0.133, p 2 = 0.043), recruited from primary school. A general description of the groups (i.e. sex, chronological age and IQ) is reported in Table 1 .
All participants, except only one with a clinical diagnosis of NS, had a genetically confirmed diagnosis. Clinical information on specific genetic changes for NS and ophthalmological/orthoptics findings of participants with NS and 22q11.2DS are reported in Tables 2 and 3 . The diagnosis of deletion 22q11.2 was performed by fluorescent in situ hybridization using the N25 probe in all patients. The classic 3-Mb deletion has been confirmed by multiplex ligation-dependent probe amplification and/or chromosomal microarray techniques in all of them. Participant with clinical diagnosis exhibiting an NS phenotype showed no pathogenetic variants in screening of PTPN11 and KRAS genes, but the study of RAF1, The neuropsychological evaluation was conducted individually in two sessions on two different days. The tasks were presented to each participant in a pseudo-randomized order.
The study was conducted according to the Declaration of Helsinki and approved by Research of Ethical Committee of Bambino Gesù Children's Hospital. The parents of participants gave written informed consent.
Cognitive and VMI assessment
General intelligence was evaluated using the colored progressive matrices (CPMs; Raven 1996) . The test gives a measure of non-verbal intelligence and assesses the capacity to reason by analogy, and to understand and form perceptual relations. The score is expressed in numerical IQ.
The visual-motor integration (VMI) test (Beery & Buktenica 2000) measures the extent to which individuals can integrate their visual and motor abilities. The result is expressed in standard score (SS stand).
Experimental tasks Form perception
The ability to discriminate forms was measured by using the form coherence test (Giovagnoli et al. 2014 (Giovagnoli et al. , 2015 .
The stimulus (Fig. 1a) is made up of 1050 static high luminance dots (luminance: 51.0 cd/m 2 ) presented on a black background (0.2 cd/m 2 ). Participants sit in front of the monitor located in an experimental room in which the light is dimmed. The signal dots are spatially aligned (i.e. with the same horizontal and vertical distance between the dots) in a circular frame creating a recognizable form (see Fig. 1a ), while the noise dots are randomly positioned, non-aligned, within the frame. The obtained form is selected within eight possible different simple shapes. There are four geometric/abstract shapes (circle, square, triangle and star) and four concrete/easily recognizable figures (house, bear, doll and cup). Five levels of coherence are presented, starting from a first level in which all dots constituting the form are spatially aligned; in the subsequent four levels, the number of coherent dots decreases by 2 db (37%) and the number of non-aligned noise dots increases. The form lasts for 3 seconds. The subject is asked to identify the presented form from among the eight possible forms. The mean number of correct responses in each difficulty level is used as a measure of form discrimination ability.
Motion perception
Motion perception was evaluated by using a typical motion coherence test (Menghini et al. 2010) . Participants sit in front of the monitor located in an experimental room in which the light is dimmed. A training session of 10 trials serves as a short practice for the participant. 2 ) moving within a circular frame on a black background (0.2 cd/m 2 ) (see Fig. 1b ). During the test, the coherent dots have a constant speed of 6.1 ∘ /second and are moving in one of the eight directions of the space (randomly chosen among four cardinal and four oblique points) for 2000 milliseconds. In order to avoid tracking, each dot has a limited lifetime of four animation frames (duration = 200 milliseconds). The task consists of five levels of coherence in which noise is gradually introduced by means of Brownian moving dots. In the first level, all dots are moving coherently in a specific direction (100% coherence), then, in the subsequent four levels, coherence decreases exponentially by 2 db (37% coherence) and the number of Brownian noise dots increases. The participant is asked to detect the correct direction of coherent moving dots. The mean number of correct detections for each level is recorded.
Statistical analyses
The average scores obtained in CPM and VMI by groups were compared using the one-way analysis of variance. Averages of correct responses obtained at form and motion coherence tasks were calculated using analysis of covariance (ANCOVA), with group as a between factor, levels of task (from I to V) as within factor and age, CPM and VMI scores as covariates. Unequal N HSD (honest significant difference) post hoc test was used. A P-value of <0.05 was considered to be statistically significant.
Results
Cognitive and VMI abilities
Analysis of the CPM score showed a main effect of Group (F 2,62 = 13.65, P < 0.00005, 2 p = 0.305) as the score obtained by the participants with 22q11.2DS was significantly lower than that of the group with NS (22q11.2DS vs. NS: P = 0.0005) and that of the controls (22q11.2DS vs. controls: P = 0.0001). The latter two groups did not differ from each other (NS vs. controls: P = 0.79).
Similarly, analysis of the VMI score showed a main effect of group (F 2,59 = 28.99, P < 0.0001, 2 p = 0.495). The mean of scores of the group with NS (81 SS stand ± 12.9) did not differ from that of the group with 22q11.2DS (84.22 SS stand ± 13.2; NS vs. 22q11.2DS: P = 0.74) and both groups showed lower scores than controls (108 SS stand ± 12.6; 22q11.2DS vs. controls: P = 0.0001; NS vs. controls: P = 0.0001).
As the three groups were not comparable for general intelligence and visual-motor abilities, to control for possible effects, CPM and VMI scores were included as covariates in the analysis of form coherence task and motion coherence task.
Experimental tasks
The results of the ANCOVA on the scores obtained at form coherence task documented a main effect for group (F 2,57 = 8.21, P < 0.01, 2 p = 0.223; Fig. 2 ). The mean of correct responses in the group with NS (0.54, SE = 0.03) and in the group with 22q11.2DS (0.45, SE = 0.03) did not differ (NS vs. 22q11.2DS: P = 0.24), and both were significantly lower than that of controls (0.70, SE = 0.02; controls vs. NS: P = 0.004; controls vs. 22q11.2: P = 0.0001). Comparing groups in each level of the Form Coherence task, the group with NS and controls did not differ in levels I, IV and V (P > 0.1) regarding the mean correct responses. However, the mean correct responses of the group with NS were significantly lower than that of the controls (P always < 0.01) in levels II and III. The mean of correct responses of the group with 22q11.2DS did not differ from the controls in levels I and V (P > 0.1) but was significantly lower than controls in levels II, III and IV (P always < 0.01).
Considering the intragroup analysis in the form coherence task, controls progressively reduced the mean of correct responses passing from level I to levels II and III (I vs. II; II vs. III; I vs. III; P always < 0.05), and at level V the mean of correct responses was even lower than at level III (P < 0.001). Conversely, the mean of correct responses of the group with NS decreased passing from level I to level II (I vs. II:
Visual perception skills in NS and 22q11.2DS P < 0.0001) and from level I to level III (I vs. III: P < 0.0001), but did not differ passing from level III to levels IV and V (III vs. IV; IV vs. V; P always > 0.1). Similarly, in the group with 22q11.2DS, the mean of correct responses differed passing from level I to level II (I vs. II: P < 0.0001) and from level I to level III (I vs. III: P < 0.0001), but did not differ passing from level III to levels IV and V (III vs. IV; IV vs. V; P always > 0.1).
Interestingly, different results were obtained from the ANCOVA on the scores of the motion coherence task (Fig. 3) . Groups differed in the mean of correct responses (F 2,57 = 4.296, P = 0.01, 2 p = 0.130), with significantly lower correct responses of the participants with 22q11.2DS (0.38, SE = 0.04) compared with what observed in subjects with NS (22q11.2DS vs. NS: P = 0.01) and controls (22q11.2DS vs. controls: P < 0.01), which did not differ significantly (0.56, SE = 0.04 and 0.57, SE = 0.03, respectively; NS vs. controls: P = 1.0).
Intragroup analysis of the motion coherence task showed that controls and the group with NS had similar trends. Indeed, in each group, the mean of correct responses differed passing from level I to level III and from level III to level V (P always < 0.01). For the group with 22q11.2DS, the mean of correct responses differed passing from level I to level III (P = 0.005), but the performance did not differ passing form level III to level V (P > 0.1).
Discussion
According to the literature on visual-spatial processing, the dorsal and the ventral streams appear to differ in their developmental trajectories and their levels of vulnerability to be related to different neurodevelopmental conditions. As previously noted, several studies (Atkinson & Braddick 2013; Braddick & Atkinson 2011; Braddick et al. 2005; Burkhalter et al. 1993; Wattam-Bell 1991; Wattam-Bell et al. 2010) have highlighted a differential time-course for the development of form and motion-processing systems in typically developing children. Most of the studies suggested the existence of an earlier maturational process of the ventral pathway compared with that of the dorsal pathway (Braddick et al. 2003) , making the latter more susceptible to damage by developmental factors. Therefore, it is possible that a window exists in which motion-processing systems are particularly vulnerable to neurodevelopmental or experiential factors operating in the perinatal period.
However, some studies have shown how sensitivity to the entirety of the form (predominantly subserved by the ventral pathway) developed later than that for coherent motion (predominantly subserved by the dorsal pathway) (Gordon & McCulloch 1999; Parrish et al. 2005; Simic & Rovet 2016) , with equal vulnerability in ventral and dorsal stream functions in specific developmental disorders, e.g. congenital hypothyroidism (Simic & Rovet 2016) .
Although earlier studies had frequently shown ocular abnormalities in NS and in 22q11.2DS (Casteels et al. 2008; van Trier et al. 2016) , more evidence about the characteristics of the visual deficits and associating them with the genotype is needed. By comparing children with different syndromic conditions, the present study allowed us to investigate whether ventral and dorsal stream functions were equally vulnerable in developmental disorders or whether they were related to the specific genotype of each syndrome.
Our results indicated that the two groups of children with genetic syndromes did not differ in the scores obtained in the form coherence task, with scores in both groups being lower than that obtained by the control group. Conversely, in the motion coherence task, the performance achieved by children with genetic syndromes differed significantly, as the scores obtained by the group of children with NS were higher than those obtained by children with 22q11.2DS and did not differ from those of the control group.
Specifically, in the form coherence task, children with NS or 22q11.2DS always showed a lower mean of correct responses than controls and, from the third level of the task (level III) they performed at chance level, with their scores not varying according to the increasing difficulty of the task. In a former study by McCabe et al. (2011) , the authors showed a generalized poorer accuracy in visual stimuli recognition in adolescents with 22q11.2DS. In detail, the analysis of oculomotor parameters showed that patients with 22q11.2DS used anomalous visual scan scheme, with fewer fixations, both for facial and weather scene stimuli. The authors concluded that the visual deficit found in adolescents with 22q11.2DS was related to the lack of strategic control, providing an important preliminary support of a generalized visual impairment for complex visual stimuli. However, in their study, the authors did not investigate whether these abnormalities were also related to a more basic form perception deficit.
In the motion coherence task, children with NS and controls showed analogous performance, which was characterized by a progressive decrease of correct responses with increasing difficulty of the task (passing from level I to level V). Conversely, as in the form coherence task, children with 22q11.2DS always showed a lower mean of correct responses than controls and children with NS, as, from level III of the task onward, children with 22q11.2DS could no longer detect the correct direction of coherent moving dots.
The dissociation between the performances achieved by the two syndromic groups in the form and motion coherence tasks would indicate that ventral and dorsal stream functions are not equally vulnerable in the two genetic conditions, and that performance is actually related to the specific genotype of the syndrome. These data, however, are consistent with the hypothesis that the ventral stream is more at risk than the dorsal stream, as in both NS and 22q11.2DS groups a lower performance was observed in the form coherence task than in the motion coherence task. On the other hand, it should be noted that results on the motion coherence task (i.e. preserved abilities in the group with NS and deficits in the group with 22q11.2DS) could be interpreted as a specific outcome of the genotype, caused by neurobiological factors resulting from genetic abnormalities and expressed in abnormal brain maturation. This result in children with 22q11.2DS agreed with most literature data (Bearden et al. 2001; Goldberg et al. 1993; Lajiness-O'Neill et al. 2005; Swillen et al. 1999; Vicari et al. 2012) , documenting that dorsal function deficit is a core deficit in subjects with this syndrome, persisting also in individuals with 22q11DS without intellectual disability (Vicari et al. 2012) . Accordingly, the present results showed a selective impairment in the motion coherence task, also when the intellectual and the VMI abilities were taken into account.
From a neurobiological perspective, brain abnormalities on the dorsal stream may account for these deficits in 22q11DS (Bearden et al. 2007 (Bearden et al. , 2009 Bish et al. 2004; Campbell et al. 2006; Eliez & Van Amelsvoort 2005; Eliez et al. 2000; Jalbrzikowski et al. 2013; Mattiaccio et al. 2016; Schmitt et al. 2015) . In particular, studies on children and adolescents with 22q11DS (aged between 6 and 15 years) compared with chronological age-matched controls (Srivastava et al. 2012 ) documented brain alterations in posterior areas, such as the parietal and occipital gray and white matter (Campbell et al. 2006; Eliez et al. 2001; Kates et al. 2001) and an atypical trajectory in cortical gyrification of parietal regions. Moreover, anomalous cortical development in this syndrome was also found in the bilateral ventromedial occipital-temporal cortex with reduced cortical thickness (Bearden et al. 2009) , in the bilateral inferior temporal cortex with volumetric reductions (Jalbrzikowski et al. 2013) and in the ventral stream with reduced axonal changes in adult populations (Kikinis et al. 2013) . These brain abnormalities in individuals with 22q11DS may be a key factor for understanding the deficit found in the form coherence task, in which the ventral stream is more involved.
In children with NS, the better performance found on the motion coherence task compared with the form coherence task reinforced our previous findings (Alfieri et al. 2011) , indicating higher scores in tasks which involve the magnocellular system more than the parvocellular one. To our knowledge, only one study has investigated brain features in individuals with NS (Holder-Espinasse & Winter 2003), reporting Arnold-Chiari malformation in isolated cases of NS. Consequently, the lack of neuroimaging data on brain development in populations with NS prevent us from achieving a better understanding of the specific relationship in this syndromic group between these preserved abilities and the potential integrity of the cerebral network involved. Neuroimaging data of individuals with NS, on the brain networks involved in these functions, are necessary for further studies in this field.
The present results cannot be interpreted as just an effect of intellectual abilities, given the differences between the IQ scores of the two syndromic groups. Indeed, both the group with NS and the group with 22q11DS showed a deficit in the form coherence task even if they differed with regard to IQ. Nevertheless, the analysis of variance, controlled for CPM scores, indicated that the differences found between the groups also persisted when this source of variability was taken into account. Therefore, the presence of a deficit only in the ventral stream of children with NS seems to be related more to the specific genotype and dependent on the etiology of the syndrome, supporting the concept of an etiological specificity of the behavioral phenotype and brain development.
Similarly, our findings cannot be interpreted as a result of the visual-motor difficulties, documented in both syndromic groups by the analysis on VMI scores, in which they were both found to have a significantly lower score than controls. The dissociation found in the analysis of the Motion Coherence task between the group with NS and the group with 22q11DS, controlled for VMI score, showed that visual-motor abilities did not significantly affect performance in the motion coherence task.
Functional neuroimaging studies that compare populations with genetic syndromes of different etiologies, and look directly at the correlation between behavioral phenotype and brain functionality, will be mandatory to clarify the relationship between cognitive abilities and brain development. Further studies in children using magnetic resonance diffusion tensor imaging may also be crucial for identifying abnormalities in the ventral stream as documented by the tractography study conducted in adults with 22q11DS (Kikinis et al. 2013) . Future researches should explore how at higher level of visual information processing the interaction between dorsal and ventral streams affects visual perception in genetic syndromes. Indeed, the distinction between functional regions associated with global form and global motion unit for complex stimuli is not clear-cut and for some tasks the interaction between dorsal and ventral systems seem to be crucially important (Erlikhman et al. 2016) . Accordingly, it has been shown that neurons in area MT, a region associated with motion processing, respond also to shape recognition (Caclin et al. 2012) , and, accordingly the information about the form of a dynamic object is processed by dorsal visual areas in interaction with ventral visual areas.
Finally, studies including a control group of children matched for mental age (in addition to the present control group matched for chronological age) will be necessary to fully understand how cognitive abilities could affect the performance in the dorsal and ventral stream tasks. Although the effect of IQ was controlled for in the analyses, findings and conclusions drawn from the present study should be taken with caution, and this issue should be taken into account as an important limitation.
In conclusion, the present study allowed us to clarify the issue of vulnerability in the dorsal and ventral streams in developmental disorders, and suggests that the ventral stream is more susceptible than the dorsal stream in our syndromic groups. Moreover, the dorsal stream deficits seem to be more related to the specific genotype and may indicate abnormalities in distinct neural networks.
